We recently reported that a guanosine-rich 40-mer DNA aptamer (LJM-3064) mediates remyelination in the Theiler's murine encephalomyelitis virus mouse model of multiple sclerosis. Here, we characterize the G-quadruplex forms of this aptamer in vitro, and demonstrate using circular dichroism spectroscopy that LJM-3064 undergoes a monovalent iondependent conformational switch. In the presence of sodium ions and no potassium ions, LJM-3064 adopts an antiparallel-stranded G-quadruplex structure. When presented with low concentrations of potassium ions in a buffer that mimics the composition of interstitial fluid and blood plasma, LJM-3064 rapidly switches to a parallel-stranded G-quadruplex conformation, which is presumably the physiologically active folded form. We characterize these conformational states using dimethyl sulfate reactivity studies and Bal 31 nuclease probing. Our analysis indicates that only the 5 0 -terminal 26 nucleotides are involved in G-quadruplex formation. Thermodynamic characterization of LJM-3064 at physiologically relevant ion concentrations reveals the G-quadruplex to be metastable at human body temperature. These data provide important structural and thermodynamic insights that may be valuable in optimizing LJM-3064 as a therapeutic remyelinating agent.
INTRODUCTION
We recently reported that a single-stranded DNA aptamer (LJM-3064) selected for affinity to crude murine myelin induces remyelination after intraperitoneal injection in the Theiler's murine encephalomyelitis virus (TMEV) model of multiple sclerosis (1) . Southwestern blot analysis indicates that the selected aptamer binds myelin basic protein, proteolipid protein and myelin oligodendrocyte glycoprotein, all of which have been described as model autoimmune antigens in demyelinating disease (2) (3) (4) . We are interested in characterizing the biophysical properties of LJM-3064 as such information could help to elucidate the structure and mode of action of this DNA aptamer in vivo.
Interestingly, LJM-3064 contains five stretches of at least three contiguous deoxyguanosine residues ( Figure 1A ), suggesting the aptamer could adopt one or more intramolecular ( Figure 1B ) or intermolecular guanine quadruplex (G-quadruplex) conformations. G-quadruplexes owe their structure to the formation of G-quartets involving guanine organization into near-planar hydrogen bonded arrangements between Hoogsteen and Watson-Crick faces of guanines in four adjacent strands. If a single sequence contains at least four stretches of contiguous guanines, intrastrand G-quadruplex formation is possible. Glycosidic bonds in antiparallel G-quadruplexes are reported to preferentially adopt a 5 0 -syn-anti-syn-anti-3 0 conformation (5). The surprising thermodynamic stability of G-quadruplex structures likely results from the stabilizing role of dehydrated metal ions (e.g. potassium) coordinating guanine O6 oxygens (6) . G-quadruplex motifs are not uncommon in DNA aptamers resulting from in vitro selection. Examples include the thrombin-binding aptamer d(G 2 T 2 G 2 TG TG 2 T 2 G 2 ) (7), the adenosine-and ATP-binding aptamers (8) , the insulin-binding aptamer d(G 2 TG 2 TG 8 T 2 G 2 T-AG 3 TGTCT 2 C) (9), the HIV-RNase H-binding aptamer d(GCTG 2 TCTCTGCG 3 T 2 GT 2 GCGC 2 GCG 2 C AC 3 T 2 G 2 CA) (10), the HIV-integrase-binding aptamer d(G 3 TG 3 TG 3 TG 3 T) (11) , the 8-OH-dG-binding aptamer d(GCG 3 CGATCG 2 CG 6 TGCGTGCGCTCTGTGC 2 AG 5 TG 2 GACAGAT-CATATG 5 TGCT) (12) , the anionic porphyrin-binding aptamer d(GTGTCGA 2 GATCGTG 3 TCAT 2 GTG 3 TG 3 TGTG 2 CTG 2 TC-CGATC 2 GCGATC TGCTGACGCTG 2 T 2 AG 2 T) (13) and ethanolaminebinding DNA aptamers (14) . G-quadruplex formation may provide a general mechanism for conformational stability in presenting functional structures selected in vitro.
Besides G-rich sequences resulting from in vitro selections, guanosine-rich sequences are found at eukaryotic telomeres (15) (16) (17) , and there has been growing interest in the possibility that guanosine-rich sequences within chromosomes might unpair and reorganize as intramolecular G-quadruplexes with extrusion of an unpaired cytosine-rich strand. Potential sequences of this kind are found in both oncogene promoter regions and telomere repeats (18) (19) (20) (21) (22) (23) (24) (25) . c-MYC, VEGF, HIF-1a, RET, KRAS, c-kit and Bcl-2 oncogenes have all been reported to contain sequences of the form G 3 N 1-3 G 3 N 2-9 G 3 N 1 G 3 , where 'N' indicates a potential intervening loop sequence between the guanine homopolymer stretches contributing to a core quartet structure (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) . If they actually form in vivo, such structures have the potential to serve as drug targets.
Circular dichroism (CD) spectroscopy is a particularly powerful method for monitoring quadruplex formation and can provide remarkable information about the relative orientation of guanine homopolymer tracts. G-quadruplexes in which the strand orientation is the same for all stretches of contiguous guanines are termed parallel G-quadruplexes, and have characteristic CD ellipticity maxima at 260 nm and minima at 240 nm; antiparallel quadruplex structures contain adjacent guanine homopolymer tracts with opposite backbone polarities, and have characteristic CD signatures with ellipticity maxima at 290 nm and minima at 260 nm (38) (39) (40) . Hybrid quadruplex structures are also reported, displaying a mixture of parallel and antiparallel CD characteristics. In the presence of 150 mM K + ions, the human telomeric repeat sequence AG 3 (T 2 AG 3 ) 3 adopts a lateral, double chain reversal, lateral loop morphology containing two sets of adjacent strands with opposite directionalities (41, 42) . The modified telomeric sequence G 3 (T 2 AG 3 ) 4 , however, is believed to form a hybrid structure with lateral, diagonal, double chain reversal loop morphology containing three parallel strands and one antiparallel strand, and shows a bifurcated peak in the presence of K + , with ellipticity maxima at 260 and 290 nm and a minimum at 240 nm (42) . Thus, CD is a valuable tool for assessing relative strand orientations in G-quadruplex structures. 0 -terminus for formation of the core G-quadruplex structure (6) . Conformations are as follows: all parallel double chain reversal loops (I), all lateral (antiparallel) loops (II), lateral, lateral, double chain reversal loops (III), double chain reversal, lateral, lateral loops (IV), lateral, diagonal, lateral loops (V) and diagonal, double chain reversal, diagonal loops (VI).
Analysis of the 96 G-quadruplex structures deposited in the protein databank by 2008 shows that although each could theoretically adopt any of 26 possible folds with conventional loop arrangements, the majority of observed folds are similar and fall into just six categories (6) . These six common motifs include: all parallel double chain reversal loops (43) , all lateral (antiparallel) loops (44) , lateral, lateral, double chain reversal loops (45) , double chain reversal, lateral, lateral loops (46), lateral, diagonal, lateral loops (47) and diagonal, double chain reversal, diagonal loops (48) . Nonetheless, confident prediction of conformation for novel G-quadruplexes is difficult (49, 50) as further exemplified by crystal and nuclear magnetic resonance structures of guanosine-rich sequences from one strand of the c-kit promoter (33, 35, 51) .
Here, we report spectroscopic, chemical and biochemical evidence showing that the physiologically active fold of the LJM-3064 myelin-binding aptamer is a G-quadruplex. We further explore the six most likely motifs ( Figure 1B) , and suggest the most likely structure. LJM-3064 was originally identified through the process of selective evolution of ligands by exponential enrichment with low concentrations of G-quadruplex stabilizing cations (10 mM Na + and 0.5 mM K + ). In vitro folding of LJM-3064 for animal remyelination experiments using the TMEV model involved high levels of sodium ions, low levels of magnesium ions and no potassium ions (150 mM Na + , 1 mM Mg 2+ ). In contrast, both sodium ($150 mM) and potassium ($5 mM) ions are present in serum (52) . Therefore, it is of great interest to understand both the folded structure of LJM-3064 and how that structure depends on ionic conditions. We show that LJM-3064 is capable of an ion-dependent conformational switch. Ionic conditions used for LJM-3064 in vitro selection and in vitro folding both stabilize intramolecular G-quartet structures with antiparallel CD signatures. In contrast, when presented with ionic conditions simulating blood plasma, LJM-3064 undergoes a conformational switch to an intramolecular parallelstranded G-quartet structure, presumably its physiologically active form. We also use dimethylsulfate (DMS) chemical reactivity to map the N7 protection from methylation of guanine nucleotides involved in the core quartet structure, and Bal 31 nuclease footprinting to identify looped and unstructured regions. These data comprise the first biophysical characterization of the remyelinating DNA aptamer LJM-3064, a novel oligonucleotide with important therapeutic potential.
MATERIALS AND METHODS

Oligonucleotides
DNA oligonucleotide LJM-3064b was ordered from TriLink Biotechnologies. Synthesis was done DMT-off at 1 mmol scale using a 3 0 biotin-TEG control pore glass support. The oligonucleotide was cleaved from the support and deprotected in hot ammonia, then dried and purified by reverse phase high pressure (or high performance) liquid chromatography. Oligonucleotides LJM-3064f/b and (dT) 40 were ordered from Integrated DNA Technologies. Synthesis was done DMT-off at 250 nmol scale using a 3 0 biotin-TEG control glass support, and with incorporation of fluorescein at the 5 0 terminus of the molecule. The oligonucleotide was cleaved from the support and deprotected in hot ammonia and purified by standard desalting. Oligonucleotides were resuspended in water and concentrations were determined at 260 nm using nearest neighbor molar extinction coefficients as described earlier (53) .
Native G-quadruplex gel mobility analysis
Aptamer folding was accomplished by heating at 90 C for 5 min at 4 mM concentration in buffers that contained 10 mM phosphate at pH 7.4 with 12.5 mM of either LiCl, NaCl, KCl or RbCl and then snap cooling on ice. Folded samples, (dT) 40 oligonucleotide and a 10-bp ladder were run on native 12% polyacrylamide gels (29:1 bis:acrylamide) in 0.5Â Tris-borate EDTA (TBE) with the same alkali chloride salts as used in the aptamer folding supplemented with 12.5 mM concentration in the gel and in the running buffer. Gels were run for 4 h at 4.3 V/cm with gel temperature not exceeding 25 C. DNA bands were post-stained with SYBR green I dye in 0.5Â TBE and then imaged using a Typhoon fluorescence imaging system and FAM filter configuration.
Band migration distances (pixels) were measured in ImageJ, and together with the total electrophoresis time, were used to calculate band migration velocity (cm/s). Division of this value by the applied voltage in V/cm yielded band mobility values in cm 2 /(V-s). This quantitation was done for the major aptamer bands on each gel and for the 40-bp marker. Subtraction of the 40-bp marker mobility or the mobility of the (dT) 40 oligonucleotide from the mobility value of the aptamer gave the relative mobility quantity Ám.
DMS probing
DMS reactivity was assessed similarly to the method described by Maxam and Gilbert (54) . Oligonucleotide LJM-3064f/b was folded at 4.0 mM concentration in buffer containing 10 mM sodium cacodylate (pH 7.3) supplemented with either 100 mM NaCl or 100 mM KCl. A urea-denatured sample was also prepared with 4.0 mM aptamer in 8 M urea. In total, 6 ml of sheared salmon testes DNA (16 mg/ml) was added to 310 ml of each of the three solutions along with 3 ml of DMS. Reactions were allowed to proceed for 5 min at room temperature, and then quenched with 300 ml of a solution consisting of 1.0 M b-mercaptoethanol, 1.0 M Tris-acetate (pH 7.5), 1.5 M NaOAc, 0.05 M Mg(OAc) 2 and 1 mM EDTA. Three microliters of tRNA (10 mg/ml) were added, and DNAs were precipitated by the addition of 2.5 volumes of ethanol, chilling on dry ice for 15 min and then spinning at 13 000 g for 15 min. Pellets were washed with 250 ml cold 70% ethanol and then air-dried. DNAs were resuspended in 20 ml buffer consisting of 10 mM phosphate (pH 7.0) and 1 mM EDTA, and heated at 90 C for 15 min. Two microliters of 1.0 M NaOH were added and samples were heated at 90 C for 30 min. Precipitation of DNA fragments was facilitated by the addition of 50 ml of glycogen (5 mg/ml) and 2.5 volumes of ethanol, chilling on dry ice for 15 min and centrifugation at 13 000g for 15 min. Pellets were allowed to air dry and then resuspended in 5 ml of H 2 O. DNAs were denatured by the addition of 15 ml of deionized formamide and heating at 90 C for 10 min. Samples were loaded onto a 16% denaturing polyacrylamide gel (19:1 bis:acrylamide) followed by electrophoresis at 26 V/cm for 3 h 40 min. Gels were imaged with a Typhoon fluorescence imaging system using the FAM filter configuration.
Quantitation of integrated band intensities was done in ImageQuant, using a rubber band baseline method. Calculation of protection ratio (PR) was done in Excel using the following expression:
where V 1 is the unreacted oligonucleotide band intensity in the native condition, V 2 is the unreacted oligonucleotide band intensity in the denatured condition, V 3 is the unreacted oligonucleotide band intensity in the (-DMS) condition, V 4 is the degradation product band intensity in the native condition, V 5 is the degradation product band intensity in the denatured condition and V 6 is the degradation product band intensity in the (-DMS) condition.
Nuclease probing
Oligonucleotide LJM-3064f/b was folded at 7.6 mM concentration in buffer containing 10 mM sodium cacodylate (pH 7.3) supplemented with either 100 mM NaCl or 100 mM KCl. CaCl 2 and MgCl 2 were then added to 4 mM concentration. In total, 1 ml Bal 31 nuclease (New England BioLabs) was added to 9 ml of folded aptamer solution. Nuclease reactions were allowed to proceed for 1, 10 or 30 min at 30 C and then were terminated by the addition of 2 ml of 500 mM ethylenediaminetetraacetic acid (EDTA). Quenched reactions were mixed with 81 ml H 2 O, 9 ml of 3 M NaOAc (pH 5.2), 2 ml of sonicated salmon testes DNA carrier (16 mg/ml) and 1 ml of tRNA (10 mg/ml). DNAs were precipitated by the addition of 2.5 volumes of 100% ethanol, chilling on dry ice for 15 min and centrifugation at 13 000 g for 15 min. Pellets were washed with 250 ml of cold 70% ethanol. Residual ethanol was allowed to evaporate and then the pellets were resuspended in 5 ml of H 2 O. DNAs were denatured by the addition of 15 ml deionized formamide and heating at 90 C for 10 min. Samples were loaded onto a 16% denaturing polyacrylamide gel (19:1 bis:acrylamide) followed by electrophoresis at 26 V/cm for 3 h 40 min. Fluorescence of 5 0 -fluorescein-labeled bands was imaged with a Typhoon fluorescence imaging system using the FAM filter configuration.
RESULTS AND DISCUSSION
Unique stabilizing role of potassium ions
Because of its profound guanosine-rich sequence with five segments, each containing at least three consecutive guanosine bases ( Figure 1A ), we wished to determine if LJM-3064 forms one or more G-quadruplex structures and if such structures involve intramolecular folding. A distinguishing feature of G-quadruplex structures is the differential stabilizing roles of monovalent alkali cations. K + is experimentally observed to be the most effective monovalent alkali cation stabilizer of G-quadruplex structures because its dehydrated size is uniquely suitable for coordination of eight O6 atoms between two tetrad planes of a G-quadruplex; Na + , Rb + and Li + have comparatively reduced abilities to stabilize guanine quadruplexes (55) (56) (57) . In light of this observation, we conducted native polyacrylamide gel electrophoresis experiments at 25 C to study LJM-3064 mobility in the presence of Li + , Na + , K + or Rb + ions to verify that K + is a unique stabilizer of a compact structure corresponding to quadruplex formation. Folding of LJM-3064 before gel electrophoresis was done in buffer containing the same concentration of alkali chloride salt included in the gel.
In our analysis, we corrected for differences in mobility that arise from the ionic conductivity value dissimilarities of these four salts by comparing the mobility of the aptamer species to duplex control DNAs and a (dT) 40 oligonucleotide run on each gel. Ám was calculated by the subtraction of the mobility of the respective reference markers from the mobility measured for the aptamer species. As shown in Figure 2 , LJM-3064 cleanly folds into a single species under these conditions, with the aptamer mobility in each case being slightly greater than that measured for the (dT) 40 oligonucleotide, a molecule containing the same number of bases and having the same number of charged phosphates as LJM-3064, indicating that folding is intramolecular. Mobility quantitation of gel bands indicates that at equal concentrations of cations, that the magnitude of LJM-3064 relative mobility differences with respect to controls follows the order K Figure 2 ; Supplementary  Table S1 ). We interpret these observed differences in aptamer mobility to reflect the differing intrinsic abilities of these four monovalent cations to stabilize compact intramolecular G-quartet structures, with K + demonstrating the strongest stabilizing ability among the series of monovalent alkali cations used (20) . To further characterize the intramolecular folded structures stabilized by Li Figure 3D ) (52) . Sample preparation and experimental configuration are described in Supplementary Methods. Our findings indicate that even low concentrations of K + strongly stabilize a G-quadruplex structure with an ellipticity maximum at 260 nm and a minimum at 240 nm: a well-defined CD signature that is characteristic of parallel-stranded G-quadruplexes. Similarly to K + , Rb + was also seen to stabilize a parallel stranded G-quadruplex, although higher cation concentrations were required to stabilize the structure ( Figure 3A and B). Na + , which induced the second greatest mobility difference in the native gel electrophoresis experiments, induced a contrasting structure with definitive antiparallel CD characteristics such as an ellipticity maximum at 290 nm and minimum at 260 nm. Interestingly, increasing the Na + concentration beyond 160 mM resulted in a structural rearrangement of the G-quadruplex ( Figure 3C and D) , with the appearance at 200 mM Na + of split ellipticity maxima at 260 and 290 nm and a minimum at 240 nm, indicative of a mixed parallel/antiparallel hybrid structure (41, 42) . Li + at concentrations between 12.5 and 200 mM was also seen to stabilize a G-quadruplex with mixed parallel/antiparallel characteristics, showing bifurcated ellipticity maxima at 260 and 290 nm and a minimum at 240 nm. Ionic concentrations that mimic the conditions of the in vitro selection of LJM-3064 (10 mM Na + , 0.5 mM K + ), and also the in vitro folding of LJM-3064 prior to testing in the animal model (160 mM Na + ) stabilized G-quadruplex structures with antiparallel strand arrangements ( Figure 3D) , showing a characteristic maximum at 290 nm and a minimum at 260 nm. Remarkably, under monovalent cationic conditions that mimic the ionic composition of interstitial fluid and blood plasma (150 mM Na + , 4.7 mM K + ), LJM-3064 forms a parallel-stranded quadruplex with a CD signature comparable to when K + is the only monovalent cation present ( Figure 3D ). We interpret this result to indicate that K + is the dominant cation involved in the G-quadruplex folding of LJM-3064. Even when Na + concentration exceeds K + by a factor of 30, K + occupies specific binding sites that stabilize the parallel-stranded G-quadruplex structure. This finding also suggests that the aptamer conformation under physiologically relevant conditions is significantly different from the aptamer conformation under the conditions of its in vitro selection and in vitro folding prior to animal studies.
Thermodynamic stability of G-quadruplex forms
We used thermal denaturation analysis (Figure 4 ; Supplementary Figures S1-S9 ) to obtain thermodynamic stability profiles for the G-quadruplexes that are formed under four relevant ionic conditions: (i) those of the in vitro selection (10 mM Na These methods assume that the structural transition between native and denatured states reflects a two-state process and does not involve stable unfolding intermediates (6, 58) . To verify that the thermal denaturation of the present G-quadruplexes reflects such a transition, we collected CD spectra of LJM-3064 at 10 C increments between 4 and 94 C (Figure 4 ). These spectra showed no evidence for intermediate G-quadruplex species, validating the use of a single-wavelength approach for deriving thermodynamic data from CD melting curves.
We then collected single-wavelength CD thermal denaturation spectra in duplicate for each of the four ionic conditions described earlier, and at reference states of 100 mM Na + and 100 mM K + , using the wavelength of the spectral maximum at 20 C for data collection (Supplementary Figures S1-S4 ). CD spectra of the two reference conditions are shown in Supplementary Figure S10 . Analysis of thermal melt data was done as described in the Supplementary Methods section. We used the two experimental replicates for each thermal titration to estimate mean CD signal values and standard deviations at each of the 181 temperature data points during the course of a single experiment. We then employed a Monte Carlo method to simulate Gaussian distributions about each individual point in the dataset, with each distribution defined by a temperature-specific experimental mean value and standard deviation. The resulting distributions were then iteratively sampled at random to generate 10 000 hypothetical datasets, each reflecting the measured experimental uncertainty. We then fit each of these datasets to the Van Figures S11 and S12). Normalized overlap coefficients for the calculated distributions of ÁH 0 and ÁS 0 are presented in Supplementary Table S2 .
Although interpretation of fitted thermodynamic parameters is generally complex, with the calculated ÁH 0 and ÁS 0 values reflecting changes in macromolecules, water and ions, our data reveal several important features influencing LJM-3064 quadruplex folding and stability. In all cases, a favorable enthalpic driving force for folding, reflecting favorable hydrogen bonding interactions, ion-dipole interactions and formation of new Van der Waal contacts, is counterbalanced by an entropic cost, reflecting a decreased conformational entropy for the polymeric oligonucleotide LJM-3064 as well as ordering of tightly bound cations and water molecules occupying specific binding sites in the folded structure (Table 1; Figure 5 ). Linking numbers Án K + and Án Na + corresponding to the molar uptake or release of counterions during the folding transition in the presence Na + or K + , respectively, were calculated to be À0.45 mol of Na CD spectra of LJM-3064 folded in 10 mM phosphate buffer at pH 7.4 supplemented with 160 mM KCl or ion concentrations similar to those used for its in vitro selection (10 mM NaCl, 0.5 mM KCl), in vitro folding prior to testing in the animal model (160 mM NaCl) or ion conditions that mimic the monovalent ion concentrations of blood plasma and interstitial fluid (150 mM NaCl, 4.7 mM KCl). 160 mM ion concentrations; although the numbers of ions taken up in the folding of Na + -and K + -supported quadruplexes are similar, the stabilizing nature of the resulting ionic interactions differ greatly, with K + by far being the better quadruplex stabilizer. Increased thermal stability of quadruplexes in the presence of K + relative to Na + is a phenomenon that is also well documented in the literature for other G-quadruplexs forming within human telomeric sequences (Table 1) (60) (61) (62) (63) .
Importantly, under monovalent ionic conditions that mimic the composition of interstitial fluid or blood plasma (150 mM Na + , 4.7 mM K + ), thermal melting analysis indicates that LJM-3064 has a T m value of 38.7 C, which is very near to human physiological temperature ($37 C). This information is potentially important for the development of LJM-3064 as a therapeutic agent as it implies that at physiologically relevant temperature, $30% of aptamer molecules are denatured. The calculated parameters ÁH 0 and ÁS 0 for LJM-3064 in the presence of these ions reveal that both the favorable enthalpic driving force and the unfavorable entropic cost for folding are reduced under this condition compared with other pure ion conditions of similar ionic strength ( Figure 5 ; Table 1 ). The ÁH 0 for the folding transition is calculated to be À27.4 ± 2.1 kcal/mol in the presence of 150 mM Na + and 4.7 mM K + compared with À41.1 ± 3.8 and À48.3 ± 3.7 kcal/mol in the presence of 160 mM Na + and 160 mM K + , respectively. ÁS 0 opposing the folding transition is similarly reduced, being À88.0 ± 6.7 cal mol -1 K -1 in the presence of 150 mM Na , and À124.9 ± 11.7 and À137.9 ± 10.7 cal mol -1 K -1 in the presence of 160 mM Na + and 160 mM K + , respectively. We interpret these values to reflect that the ionic conditions designed to mimic blood plasma and interstitial fluid promote a more disorderd folded state for LJM-3064 with fewer favorable energetic interactions than the folded states stabilized by pure K + and Na + ions at similar ionic strengths. It may thus be desirable to confer upon the aptamer enhanced properties of thermal stability. We also provide definitive thermodynamic evidence that this physiologically active G-quadruplex fold is intramolecular. Intermolecular G-quadruplexes display concentration-dependent melting temperatures, whereas Figures  S1-S4) . T m values calculated at these aptamer concentrations (38.7 ± 1.4, 38.7 ± 1.1, 38.1 ± 1.8 and 39.4 ± 3.3 C, respectively) do not differ statistically over a 10-fold range in aptamer concentration. As seen in Table 1 , values for the calculated parameters ÁH 0 and ÁS 0 for each of these aptamer concentrations also agree closely, supporting the robustness of the Monte Carlo thermodynamic fitting regimen used to estimate these parameters.
Structural transition between Na + -and K + -stabilized structures Because of differences in LJM-3064 CD characteristics in Na + and K + solutions (Figure 3 ), we wished to determine if interconversion of quadruplex forms occurs at physiologically relevant temperatures. Specifically, we wished to determine whether LJM-3064 equilibrated in the presence of 160 mM Na + would undergo structural rearrangement when exposed to ionic conditions that mimic interstitial fluid and blood plasma (150 mM Na + , 4.7 mM K + ). This question is relevant since, in preparation for testing in the TMEV animal model, LJM-3064 was routinely folded in buffer containing 160 mM Na + , and was then introduced to the ionic conditions of the interstitial fluid and blood plasma when injected intraperitoneally into animals. Therefore, we conducted a CD experiment in which LJM-3064 was folded in the presence of 160 mM Na + , followed by the addition of K + ions to 4.7 mM concentration with the collection of CD spectra at subsequent time points. The results ( Figure 6A ) indicate that the majority of LJM-3064 aptamer molecules undergo a conformational switch from an antiparallel to a parallel strand arrangement within 5 min after the addition of K + ions. CD spectra initially display ellipticity maxima at 290 nm and minima at 260 nm, which are characteristic of an antiparallel arrangement. Spectra rapidly convert to a G-quadruplex form with an ellipticity maximum at 260 nm and a minimum at 240 nm, characteristic of a parallel-stranded G-quadruplex. This result is important as it suggests that under physiologically relevant conditions LJM-3064 refolds to a parallel-stranded G-quadruplex form, which, although only thermodynamically metastable, is presumably its physiologically active fold state.
We also present data indicating that this parallelstranded G-quadruplex fold is maintained even when 3 0 -biotinylated LJM-3064 is conjugated with streptavidin to form tetramers ( Figure 6B ). This manipulation was previously shown to be important for the function of LJM-3064 in promoting remyelination in the TMEV mouse model of multiple sclerosis (1) . Streptavidin conjugation may mimic the multivalency of IgM antibodies, some of which have been demonstrated to possess remyelinating properties (64, 65) . To confirm that the LJM-3064 parallel-stranded G-quadruplex structure is maintained when the aptamer is formulated as a tetrameric 3 0 -biotinylated conjugate with streptavidin, we collected three sets of CD spectra. In one case, LJM-3064 was folded in the presence of physiologically relevant ion concentrations (150 mM Na + , 4.7 mM K + ). In a second case, the aptamer was folded in the presence of physiologically relevant ions and then streptavidin was added to a 1:4 molar stoichiometry. In a third case, streptavidin was prepared in buffer containing physiologically relevant ions, but in the absence of LJM-3064. The CD spectrum of LJM-3064 prepared as a 4:1 conjugate with streptavidin reflects contributions from both the DNA aptamer and the streptavidin protein spectrum of the streptavidin-aptamer conjugate, giving a difference spectrum. This difference spectrum revealed that the aptamer conformation when conjugated to streptavidin is essentially identical to its unconjugated conformation, both displaying definitive parallel-stranded G-quadruplex CD signatures of an ellipticity maximum at 260 nm and a minimum at 240 nm ( Figure 6B ). To gain additional information regarding G-quadruplex conformations formed by LJM-3064 in Na + and K + solutions, we used DMS footprinting to map the pattern of N7 protection from methylation for guanine nucleotides involved in core G-quartets. The chemistry of DMSmediated methylation of guanine N7 and adenine N3 and the subsequent base removal and strand cleavage were adapted from the classic work of Maxam and Gilbert (54) . The result is cleavage of DNA at sites occupied by guanines. The unique Hoogsteen base pairing of guanine nucleotides in a G-quartet structure, however, renders the N7 position of guanine less accessible to methylating chemical reagents such as DMS, making DMS footprinting valuable for mapping G-quadruplex-forming regions within G-rich sequences. We performed DMS chemistry on LJM-3064 as described in the Materials and Methods section in 100 mM Na + , 100 mM K + or 8 M urea, and separated the resulting fragments using denaturing polyacrylamide gel electrophoresis. Also included on the gel was a sample of LJM-3064 that was not treated with DMS, but that was heated and treated with alkali similar to the DMS-treated LJM-3064 samples. This established a method for background correction of measured band intensities. An image of a representative gel showing this analysis is shown in Figure 7A and B. Figure 7A shows a representative gel image with the contrast adjusted so that all bands are visible, whereas A B C Figure 7B shows the same image with contrast adjusted to illustrate the differential DMS reactivity between protected and unprotected conditions. Quantitation of band intensities of samples run in triplicate on the same gel allowed for the calculation of a 'PR' (Equation 1) of DMS degradation-related band intensity in the denatured aptamer compared with the DMS degradation-related band intensity of aptamer in the presence of 100 mM Na + or 100 mM K + . High PRs correlate with a decrease in N7 methylation in the presence of G-quadruplex-stabilizing ions relative to the ureadenatured state. The quantitation in Figure 7C , does not depend upon the gel image contrast setting, but is based on the background-adjusted pixel fluorescence intensities of the raw dataset. Our data reveal striking differences in guanine N7 protection between Na denatured aptamer state, indicating that they are not involved in G-quadruplex formation. The 5 0 aptamer region, however, contains guanine homopolymer regions displaying increased N7 reactivity in the denatured aptamer state relative to the Na + -and K + -stabilized states, indicating that the guanine nucleotides in these regions participate in the Hoogsteen base pairs of the core quartet stacks. Structural differences between G-quadruplex forms stabilized by Na + and K + were also revealed by our DMS footprinting analysis. A summary of these differences is presented in Supplementary Figure S13 as a Student's T-test of statistical difference between DMS PRs in the presence of Na + and K + . Guanine nucleotides at positions 1, 2, 9, 10, 11, 13, 14, 15, 16, 19, 20, 22, 23 and 26 show statistically different levels of N7 protection when evaluated at the 99% confidence level. Of particular note, the G-quadruplex form stabilized by K + displays enhanced N7 protection of G22, G23 and G26 relative to the Na + -stabilized G-quadruplex form, an observation that is difficult to accommodate with the simple models presented in Figure 1B . Understanding these subtle chemical reactivity differences will require future higher resolution structural studies. However, by combining insights provided by both CD and DMS data, we nominate the K + -stabilized structure to be most consistent with that seen in Figure 1B (I), and we similarly nominate the Na + -stabilized structure to be most consistent with that seen in Figure 1B (II) .
To further characterize structural differences between G-quadruplexes formed by LJM-3064 in the presence of Na + versus K + , we used Bal 31 nuclease footprinting to map looped and unstructured regions of the aptamer. Bal 31 is a single-strand specific endonuclease that has been used previously to map perturbations in duplex DNA base pairing such as occurs at duplex DNA B-to-Z-form transitions and in supercoiled bacterial plasmids (66, 67) . It also possesses both 5 0 and 3 0 exonuclease activities on duplex DNA, but in the presence of single-stranded substrates, is active primary in its endonuclease mode (68, 69) . We conducted Bal 31 nuclease mapping of LJM-3064 folded in the presence of 100 mM Na + or 100 mM K + supplemented with Mg 2+ and Ca 2+ to 4 mM concentration. Reactions were quenched with the addition of EDTA, exploiting the strict requirement of Bal 31 for divalent calcium and magnesium ions. The resulting fragments were separated on a denaturing polyacrylamide gel (Figure 8) . Much of the Bal 31 degradation pattern is similar for G-quadruplexes stabilized by Na + and K + , with both displaying nuclease-mediated degradation of the aptamer near its 3 0 terminus. This is consistent with findings from DMS chemical reactivity studies that showed decreased protection of LJM-3064 near its 3 0 terminus (Figure 7 ), indicating that this is an unstructured region that does not participate in the core G-quadruplex fold, an observation that may prove useful in designing DNA constructs for higher-resolution structural studies. In addition, the data show subtle enzymatic degradation profile differences between Na Conversely, in the presence of Na + , LJM-3064 shows enhanced enzymatic reactivity at the T12, G25, G26, T27 and C28 positions relative to the K + -stabilized condition. We interpret this result to further support the overall conclusion that monovalent Na + and K + ions can induce a significant conformational switch in LJM-3064 G-quadruplex conformation.
CONCLUSIONS
This article reveals a previously uncharacterized ion-dependent conformational switch for LJM-3064, a novel DNA aptamer with the demonstrated ability to induce central nervous system remyelination in a mouse model of multiple sclerosis (1) . Native gel electrophoresis analysis indicates that LJM-3064 forms stable intramolecular G-quadruplex structures, and that K + is the dominant ion driving G-quadruplex formation. CD experiments reveal that, in solutions containing Na + ions and no K + ions, LJM-3064 adopts an antiparallel G-quadruplex conformation. We suggest that this structure is likely similar to (II) in Figure 1B . Regardless of Na + ion concentration, however, addition of as little as 4.7 mM K + ions causes LJM-3064 to undergo a switch to a parallel-stranded G-quadruplex conformation, presumably its physiologically structure. We suggest that this physiological structure is likely similar to (I) in Figure 1B . Structural characterization studies of these two major LJM-3064 conformations using dimethyl sulfate chemical probing and Bal 31 nuclease probing both reveal that the major G-quadruplex-forming regions of LJM-3064 are located in the 5 0 region of the aptamer, with the 14 nucleotides nearest the 3 0 terminus adopting no higher-order folded structure. Dimethyl sulfate and Bal 31 probing also provide direct evidence of the ion-dependent conformational switching of LJM-3064. Higher resolution studies will be needed to further elucidate the fine structural details of these two fold topologies for LJM-3064. In addition, thermodynamic characterization of fold-state stability of LJM-3064 under physiological conditions reveals that at normal human body temperature, the aptamer structure is only metastable. Taken together, these data provide important information about the biophysical and structural properties of LJM-3064, and are critical for its further development as a remyelination-promoting reagent. 
